Novel bisindolyl-cycloalkane indoles resulted from the reaction of aliphatic dialdehydes and indole. As bisindolyl-natural alkaloid compounds have recently been reported as inhibitors of the methicillin-resistant Staphylococcus aureus (MRSA)-pyruvate kinase (PK), we tested our novel compounds as MRSA PK inhibitors and now report first inhibiting activities. We discuss structure-activity relationships of structurally varied compounds. Activity influencing substituents have been characterized and relations to antibacterial activities of the most active compounds have been proved.
Introduction
As novel antibiotic drugs have been developed during the last century decades the treatment of infectious diseases seemed to be a manageable problem 1 . Occurring resistances were fought with antibiotics which showed b-lactamase stability in the case of the b-lactam antibiotics or which interacted with different but limited target structures within the bacterial metabolism like RNA or the protein biosynthesis [1] [2] [3] [4] . One of the early discovered bacteria with a critical antibiotic resistance was the methicillin-resistant Staphylococcus aureus (MRSA), but also formerly noncritical bacteria like E. coli variants developed resistances against used antibiotics [5] [6] [7] [8] [9] .
Sources for novel antibiotics are presently seen in natural products like marine sponges or marine invertebrates [10] [11] [12] . Extracts of them are screened for an antibacterial activity and partly novel structures have been discovered. However, such natural compounds mostly own complicated structures with chiral atoms so that an access to such compounds is difficult by the use of synthetic chemistry. Extraction procedures often yield poor amounts of compounds for a perspective therapeutical use.
We discovered novel bisindolyl-cycloalkane indoles 1-4 which are easily accessible in a simple one-pot reaction as will be discussed below. Their bisindolyl-partial structures have been found as structural elements in recently reported bisindolyl alkaloids from marine sources which showed inhibiting activities of the MRSA-pyruvate kinase (PK) as a novel antibacterial target structure and are shown in Figure 1 12 .
We will present the synthesis of our novel MRSA PK inhibitor class and discuss first structure-activity relationships of both MRSA inhibition and first antibacterial data of profiled compounds.
Experimental

General
Commercial reagents were used without further purification. Succinaldehyde was given by the treatment of 2,5-dimethoxytetrahydrofuran with hydrochloric acid in THF after stirring under reflux for 2 h. Adipaldehyde resulted from the sodium metaperiodate oxidation of cyclohexane epoxide in THF at room temperature. The 1 H-NMR spectra (400 MHz) were measured using tetramethylsilane as internal standard. Thin layer chromatography (TLC) was performed on E. Merck 5554 silica gel plates. The EI mass spectra were measured with an AMD 402 mass spectrometer, the ESI spectra were recorded on a Finnigan LCQ Classic mass spectrometer. IR spectra were recorded on a FT-IR spectrometer. Elemental analysis indicated by the symbols of the elements was within ±0.4% of the theoretical values and was performed using a Leco CHNS-932 apparatus. The respective dialdehyde (2 mmol) was dissolved in glacial acetic acid (15 mL). Then the corresponding indole (5 mmol) was added to the solution. The mixture was left stirring overnight and the product was detected by TLC in CH 2 Cl 2 (100%). The reaction mixture was worked up by neutralizing the acid with NaOH (10%) and then extracted with CH 2 Cl 2 for three times. The organic layer was washed with water and brine each for three times. Then it was dried over sodium sulfate, filtered and concentrated in vacuum. The reaction products were given after column chromatography using CH 2 Cl 2 as eluent (Scheme 1).
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Measurement of pyruvate kinase inhibition
MRSA PK was expressed in pET-28a (+) as recombinant protein in E. coli BL-21(DE3) and then purfied by using Ni-nitrilotriacetic acid (NTA) agarose (Quiagen, Inc., Germantown, MD). The PK activity was measured in a continuous assay coupled to lactate dehydrogenase (LDH) in which the change in absorbance at 340 nm owing to the oxidation of NADH was measured by using a benchmark Plus microplate spectrophotometer (Bio-Rad, Inc., Hercules, CA). The reaction mixture contained 60 mM Na + -HEPES (pH ¼ 7.5), 5% glycerol, 67 mM KCl, 6.7 mM MgCl 2 , 0.24 mM NADH, 5.5 units LDH from rabbit muscle (Sigma Aldrich), 2 mM ADP, and 10 mM PEP in a total volume of 200 mL. Reaction was initiated by addition of the PK (15 nM). The PK activity proportional to the rate of the change at 340 nm was expressed as specific activity (mmol/min/mg) which is defined as the amount of PK which catalyzes the formation of 1 mmol of either product per minute. Inhibitors were dissolved in dimethyl sulfoxide (DMSO) with the final concentration of the solvent never exceeding 1% of the whole assay volume. IC 50 values were calculated by curve fitting on a four-parameter dose response model with a variable slope using Graphpad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA). The reactions were performed in triplicate at 30 C for 5 min. Inhibition curves of respective compounds are shown in the available Supplementary material.
Antimicrobial activity determination of the compounds
The compounds and the standards were dissolved in 12.5% DMSO at concentrations of 200 mg/mL. Further dilutions of the compounds and standard drugs in the test medium were prepared at the required quantities of 400, 200, 100, 50, 25, 12.5, 6.25, 3.12, 1.56, and 0.78 mg/mL concentrations with Mueller-Hinton broth. The minimum inhibitory concentrations (MIC) were determined using the 2-fold serial dilution technique. All the compounds were tested for their in vitro growth inhibitory activity against Staphylococcus aureus (S. aureus) ATCC 25923 and MRSA standard ATCC 43300. ATCC strains of the microorganisms used in this study were obtained from the culture collection of the Refik Saydam Health Institution of Health Ministry, Ankara. The cultures were obtained from Mueller-Hinton broth (Difco, Becton Dickson Inc., Sparks, MD) for all the bacterial strains after 24 h of incubation at 37 ± 1 C. Testing was carried out in Mueller-Hinton broth at pH 7.4 and the 2-fold serial dilution technique was applied. The final inoculum size was 10 5 CFU/mL. A set of tubes containing only inoculated broth was Scheme 1. Formation of target compounds. used as controls. After incubation for 24 h at 37 ± 1 C, the last tube with no growth of microorganism was recorded to represent the MIC (expressed in micrograms per milliliter).
Results and discussion
Chemistry Indoles preferably react with electrophils at the electron-rich 3-position 13, 14 . Thus, the indole reaction with an aldehyde primarily leads to a hydroxyalkyl addition product which may undergo addition to a second indole under acidic conditions after elimination of a water molecule. Such reactions lead to bisindolylalkanes by the use of various protic acids or lewis acids used as catalysts to promote the reaction [15] [16] [17] [18] . We first investigated the reaction between indole and a dialdehyde under variation of the aldehyde alkyl chain length. The reaction was carried out under mild conditions using glacial acetic acid at room temperature.
The yielded reaction products have been the bisindolylcycloalkane indoles 1-4. The mechanistic discussion of their formation suggests an addition of one of the aldehyde functions to each one indole reactant at the preferred electron-rich 3-position giving a bisindolyl-alkane substructure.
The other aldehyde function will have reacted with a third indole unit at the 3-position. The resulting hydroxyalkane group will have been protonated accordingly. An addition at the 2position of the neighbored indole will have proceeded to give the cycloalkane-indole substructure after a water elimination. In the case of the cyclopentane and cyclohexane derivatives 1a-c and 2a-c the stereochemistry of the indoyl-bearing cycloalkane CH ring atoms was the same being each (S/S) or (R/R), respectively, with both hydrogen atoms at the carbon atoms resulting in a signal for just one proton in the 1 H NMR spectra. Consequently, both indole residues have a trans-orientation. In the case of the cycloheptane and cyclooctane derivatives the stereochemistry of each indolyl-bearing cycloalkane CH ring atom was different being either (S/R) or (R/S) with resulting in each one signal for the different hydrogen atoms at those cycloalkane ring atoms. That stereochemistry practically meant a cis-orientation of both attached indolyl residues 19 .
MRSA PK inhibition
PK has recently been discovered as an essential hub protein in the interactome of MRSA 20,21 . PK plays a central role in the carbohydrate metabolism. It catalyzes the final rate-limiting step in the glycolysis which converts phospoenolpyruvate (PEP) to pyruvate under ATP formation from ADP in an irreversible process 22 . Both metabolism products PEP as well as pyruvate are related to other biosynthetic pathways, so that a potential inhibition of PK may result in a hampered metabolism of MRSA 12 . So PK was identified as a hopeful target structure for perspective novel antibiotics. However, it remained uncertain whether such a PK inhibition may lead to an antibacterial activity of the respective PK inhibitor. First MRSA inhibitors have been bisindole alkaloid compounds from a marine natural library 12 . Their antibacterial S. aureus activity was just moderate. That just moderate antibacterial activity reveals a discussed potential difference between enzyme inhibiting activity and antibacterial potency 12 .
The bisindolyl alkaloids show a structural similarity to our novel bisindolyl-cycloalkane indoles. The different heterocycles of those alkaloids with both indolyl substituents are practically replaced by our cycloalkane ring part with varying ring sizes. However, the attached indole part in our cycloalkane indoles increases this structural core.
We determined the PK-inhibiting activities of our unsubstituted cycloalkane indoles 1a, 2a, 3a, and 4 with an increasing size of the cycloalkane ring ( Table 1) .
The cyclohexane compound 2a showed the best activity with an IC 50 value of 8.5 mM. The cycloheptane and the cyclooctane compounds 3a and 4 were less active and the cyclopentane compound 1a showed lowest activity with an IC 50 value of 16.8 mM.
We then introduced halogen atoms into the cyclopentane scaffold. Such halogen atoms may show halogen bond donator functions and thus may potentially increase the inhibitory activity. The corresponding chloro-and bromo-substituted compounds 1b and 1c were easily accessible because their aldehyde precursors were commercially available.
The chloro substitution in derivative 1b led to increases in the PK-inhibiting activities with an IC 50 value of 6.8 mM thus being lower than that IC 50 value of the cyclohexane compound 2a as best one of the unsubstituted compound series.
The bromo substitution in derivative 1c led to best PKinhibiting activities within the cyclopentane compounds thus suggesting a role in a potential halogen bonding.
We then introduced chloro substituents in the indole part of our compounds with varying positions in both the 5-and the 6-position of the indole scaffold. Such an indole substitution in one of the reported bisindolyl alkaloids in the 6-position led to a complete loss of activity of the respective derivative 12 . However, the substituent in that case was a hydroxyl group with a certain hydrogen bond donator function.
The 5-chloroindol substitution of cyclohexane compound 2a with best activity of the unsubstituted series led to main decreases in the PK inhibitory activity for 2b with an IC 50 value of merely 50 mM. The position-varied 6-chloroindolyl compound 2c showed no more activity against PK.
These results may be comparable with those reported for the inactive 6-hydroxyindolyl substituted alkaloid compound.
We then introduced the halogen function into the cycloheptane compound 3a which was the next best inhibitor of the unsubstituted series. The corresponding 5-chloroindolyl compound 3b surprisingly showed improved PK-inhibiting activities with an IC 50 value of 2.6 mM. The position-varied 6-chloroindolyl compound 3c showed the best PK-inhibiting activity within this cycloheptane compound series.
So we can conclude that the cycloalkane ring size as well as various substitution patterns play important roles in the inhibiting activities of our discovered novel class of PK inhibitors.
Furthermore, we determined the mode of action of our best compound 3c toward PK. The reported bisindolyl alkaloids as PK inhibitors were demonstrated to act as allosteric inhibitors of PK by blocking a hydrophobic pocket at the interface of two PK monomers of the tetrameric kinase structure 12 . So we carried out enzyme kinetic studies with our compound 3c to analyzes whether the mode of enzymatic action is also a noncompetitive one similar to the reported bisindolyl alkaloids (Figure 2) . We determined the velocity of the PEP cleavage using increasing inhibitor concentrations of our compound 3c from 1.05 mM to 4.2 mM. We found a lowered velocity v max of the compound cleavage under the increasing inhibitor concentrations with a v max value of 34.33 mmol/min/mg for the uninhibited reaction to a v max value of 11.04 mmol/min/mg for the inhibited reaction at the 4.2 mM concentration of compound 3c. The determined Michaelis Menten kinetics of the reaction remained nearly unchanged with values of 14.64 mM for the uninhibited reaction to 15.90 mM for the inhibited reaction at the 4.2 mM inhibitor concentration. These results proved a noncompetitive binding mode of our compound similar to the reported bisindolyl alkaloids.
Antibacterial activity
Best PK-inhibiting compounds have been further evaluated as inhibitors of both S. aureus and MRSA. In the antibacterial testing the MIC value was determined as the minimal inhibitory concentration which obviously stopped the bacterial growth. We used ampicillin as control antibiotic agent ( Table 2) .
The most active PK-inhibiting cyclohexane compound 2a showed excellent antimicrobial activities with MIC values of 3.125 mg/mL against both S. aureus and MRSA if compared to the ampicillin standard with a MIC value of 50 mg/mL against MRSA.
The halogen substituted cyclopentane derivatives 1b and 1c as best ones of the cyclopentane series also showed good antimicrobial activities against S. aureus and MRSA with both MIC values making 3.125 mg/mL.
Finally, the chloro-substituted cycloheptane derivatives 3b and 3c were evaluated. Both compounds showed antibacterial activities with MIC values of 3.125 mg/mL against S. aureus and of 6.25 mg/mL against MRSA.
So it can be summarized that all compounds Mapping the protein interaction network in methicillin-resistant Staphylococcus aureus.with highest activities as PK inhibitors showed antibacterial activities against both S. aureus variants. The antibacterial activities were better than those reported for the first bisindolylalkaloid compounds. Thus, a first class of novel PK inhibitors was identified which gives perspectives for further developments as effective antimicrobial agents against both S. aureus and MRSA. 
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